Twenty-three patients with marked leukemic involvement by mantle cell lymphoma (MCL) are described. Each patient had an absolute lymphocyte count more than 10 ؋ 10 9 /L. The diagnosis of MCL was supported by compatible immunophenotypic findings and the t(11;14)(q13;q32) in all cases. Morphologically, these cases exhibited a spectrum of findings that we divided into two groups using a cutoff of 20% large or blastoid cells (log rank test, P ‫؍‬ .004). Patients with small-cell (<20%) morphologic features survived longer than patients with large/blastoid (>20%) morphologic features, (P ‫؍‬ .003, log rank test). The most common additional karyotypic abnormality identified in this study involved chromosome 17, in 13 of 23 (56.5%) cases, which correlated with p53 overexpression but not with cytologic features. We conclude that cytologic features of MCL predict the prognosis of patients with marked leukemic involvement. Chromosome 17 abnormalities are common in leukemic MCL, may be involved in pathogenesis, and are associated with p53 expression.
Mantle cell lymphoma (MCL) is a distinctive type of non-Hodgkin's lymphoma included in the revised European-American lymphoma (REAL) and World Health Organization (WHO) classification schemes (1, 2) . Patients with MCL are mostly elderly, with a male predominance, and usually have nodal-based disease. Extranodal sites are also commonly involved. The characteristic molecular abnormality of MCL is the t(11;14)(q13;q32), in which the CCND1 gene on 11q13 is juxtaposed with the immunoglobulin heavy-chain gene locus on 14q32, resulting in overexpression of cyclin D1.
Peripheral blood is often involved in patients with MCL. In a study by Cohen and colleagues (3), low-level involvement was observed in peripheral blood smears prepared from 77% of patients with MCL. However, overt leukemic involvement in patients with MCL is much less common. In a series of MCL cases described by Pittaluga and colleagues (4) , only 10% of patients had an absolute lymphocyte count more than 10 ϫ 10 9 /L, and this subset of patients had a worse prognosis (4) .
Most studies of leukemic involvement by MCL have focused on patients who initially presented with nodal disease and subsequently developed leukemia. Patients who present primarily with leukemic involvement, with marked lymphocytosis similar to patients with other chronic lymphoproliferative disorders, are not well described in the literature. Furthermore, the wide morphologic spectrum of leukemic MCL has been not well described in peripheral blood and bone marrow. High-grade variants of MCL (blastoid, large cell) involving peripheral blood have been described recently and correlated with poorer survival (5) (6) (7) (8) .
For this study, we collected a group of 23 patients who presented primarily with leukemic involvement by MCL, each shown to carry the t(11;14)(q13; q32), to describe the clinical and pathologic spectrum. Each patient had an absolute lymphocyte count of more than 10 ϫ 10 9 /L at the time of initial evaluation at our institution. The immunophenotype of the neoplastic cells supported the diagnosis of MCL, including cyclin D1 overexpression in 20 of 21 cases assessed. diagnosis, referred to our institution between 1993 and 2000, were included in the study group. Cases were included only if the diagnosis of MCL was supported by the presence of the t(11;14), demonstrated by conventional cytogenetic analysis performed at our institution. Cases without cytogenetically proven t (11;14) were not included in the study. The diagnoses established at the referring institutions for these cases included the following: chronic lymphocytic leukemia (n ϭ 16), mantle cell lymphoma in leukemic phase (n ϭ 5), splenic lymphoma with villous lymphocytes (n ϭ 1), and precursor B-cell acute lymphoblastic leukemia (n ϭ 1).
Morphologic Methods
Wright-Giemsa-stained peripheral blood and bone marrow aspirate smears were reviewed, as were hematoxylin-eosin stained histologic sections of bone marrow aspiration clot and core biopsy specimens. All cases were reviewed by four hematopathologists individually after a consensus for the morphologic criteria was reached. In each case, manual 100-cell differential counts of the neoplastic cells were performed by one of the authors (ES). The morphologic types of neoplastic cells fell into four general categories: small and round; small and irregular (some cleaved); large with prominent nucleoli (many of which resemble prolymphocytes); and blastoid cells. Using a cutoff of 20%, chosen on the basis of statistical analysis (see below), these cases were collapsed into two groups: cases with fewer than 20% large/blastoid cells and cases with at least 20% large/blastoid cells.
Immunohistochemical Methods
Immunohistochemical staining for cyclin D1 was performed on formalin-fixed, paraffin-embedded tissue sections of either bone marrow aspirate clot (n ϭ 17) or core biopsy tissue sections (n ϭ 4) in 21 cases. In 2 cases, paraffin blocks were not available. After deparaffinization and rehydration in graded alcohols and xylene, endogenous peroxidase was blocked with hydrogen peroxide. Heat-induced epitope retrieval was performed by heating slides in EDTA buffer at pH 8.0, using a Black and Decker Handy Steamer Plus, and then cooled for twenty minutes. Most cases were assessed for cyclin D1 expression, for the purpose of this study, using the AM29 antibody (1:15, Zymed Laboratories Inc, South San Francisco, CA; n ϭ 17). In 4 cases, the DCS-6 (1:350, DAKO Corporation, Carpinteria, CA) antibody was used at the time of initial diagnosis. The immunostaining was completed according to methods described previously using the LSAB2 detection kit (DAKO), with appropriate positive and negative controls.
Immunohistochemical staining for p53 was performed on a subset of 19 cases using formalin-fixed, paraffin-embedded tissue sections of bone marrow and the DO-7 antibody (1:50, DAKO). P53 was considered positive if at least 10% of the neoplastic cells exhibited unequivocal nuclear staining.
Flow Cytometry Studies
Peripheral blood (n ϭ 11) and bone marrow aspirate (n ϭ 12) specimens in all patients were assessed using 3-color flow cytometric analysis and a FACScan (Becton-Dickinson, San Jose, CA) instrument. Lymphocytes were gated for analysis using CD45 expression and right-angle light scatter as described by Borowitz and colleagues (9) . Fluorescein isothiocyanate (FITC)-and phycoerythrin (PE)-conjugated IgG1 and IgG2 antibodies were used as negative controls, and cursors were set to include more than 95% of events as negative. The panel of antibodies, conjugated to FITC or PE, included reagents specific for CD3, CD4, CD5, CD7, CD10, CD19, CD20, CD23, FMC-7, and immunoglobulin kappa and lambda light chains (Becton-Dickinson).
Conventional Cytogenetic Studies
Conventional G-band karyotype analysis was performed on bone marrow aspirate specimens from 22 patients and lymph node tissue from 1 patient. Cells were placed in 10 mL of Ham's F10 medium with 20% fetal calf serum at a concentration of 2 ϫ 10 6 to 4ϫ 10 6 nucleated cells per milliliter. The culture was incubated overnight at 37°C (approximately 24 hours). Standard harvesting procedures were used. Colcemid (0.1 mL/10 mL) was added to the culture for 30 minutes. For the hypotonic treatment, 0.075 M KCl was used for 30 minutes at room temperature. The fixation procedure consisted of 3 changes of methanol-glacial acetic acid (3:1), with a 10-minute waiting period between each change. The Thermaton drying chamber (Thermaton Industries, Holland MI) was used for slide preparation. Slides were placed in a 60°C oven overnight in preparation for Giemsa trypsin G banding. A maximum of 20 metaphases was analyzed. The karyotype formulas were written using the International System for Human Cytogenetic Nomenclature (ISCN; 10).
Statistical Methods
To determinate the optimal percentage of large/ blastoid cells to use as a cut-off to correlate with patient survival, various candidate cut-off values (i.e., 10%, 15%, 20%, and 25%) were directly compared, and all were statistically significant. Because the direct comparison with survival did not lead to a conclusive choice of a cut-off point, an alternative method was employed, using survival tree analysis for survival data, which allows classifying patients according to their risk of death.
Survival Analysis
Survival probabilities were estimated using Kaplan-Meier estimates. The log rank test was used to compare survival between morphological groups. The date of original diagnosis in most cases was available as month and year, without a specific day. In two cases, only the year was available. For the purpose of this analysis, all cases without a specific day were set to the middle of the month (i.e., the 15th). In the two cases for which only the year of initial diagnosis was available, the most conservative estimate of the date (i.e., 12/31) was used. However, we also tested other arbitrarily chosen dates of diagnosis for these two cases, and all dates yielded statistically significant differences between the groups.
RESULTS

Clinical Data
There were 18 men and 5 women with a median age of 68 years (range, 40 -74 years). The median time from initial diagnosis at another hospital until referral to our institution was 8 months (range, less than 1-120 months). Twelve patients received 1 or more chemotherapeutic regimens, and 11 patients did not receive any therapy before evaluation at our institution.
Physical examination revealed splenomegaly in 22 of 23 (96%) patients, ranging from "palpable" to extending 24 cm inferior to the left costal margin. Seven patients underwent splenectomy during their disease course. Lymphadenopathy, usually involving multiple sites, was present in 16 (70%) patients. In 8 patients, lymph nodes were more than 2 cm in maximum dimension, and in 8 patients, lymph nodes were less than 2 cm in maximum dimension.
The median white blood cell count at time of referral to our institution was 75.7 ϫ 10 9 /L, with a range from 19 to 689 ϫ Table 1 .
Clinical history and follow-up were available for 23 patients, and the median time from initial diagnosis at the referring hospital to either death or final follow-up was 29 months (range, 2-126 months). Eleven patients died and 12 patients remained alive at last follow-up.
Morphologic Findings
The morphologic spectrum of MCL cells in peripheral blood and bone marrow aspirate smears from the cases in this study was wide. Small cells, 2 times the size of an erythrocyte, predominated in most cases. These cells had irregular to cleaved nuclear contours, occasionally with small nucleoli, as is most often seen in MCL (Fig. 1A) , or had small round nuclei with clumped chromatin, resembling the cells of chronic lymphocytic leukemia (Fig. 1B) . All cases had at least rare cells with high-grade morphologic features, which included large nucleolated cells and/or blastoid cells, all more than 3 times the size of an erythrocyte. The nucleolated cells had a single, prominent nucleolus, often centrally located, with abundant cytoplasm, resembling classic prolymphocytes (prolymphocytoid), or had less cytoplasm with irregular nuclear contours and prominent nucleoli (Fig. 1C) . Blastoid MCL cells were smaller than prolymphocytoid cells, with fine, open chromatin, absent or inconspicuous nucleoli, and scant cytoplasm (Fig. 1D) . The largest cells were more than 4 times the size of an erythrocyte, with irregular nuclear contours, multiple nucleoli, and moderately abundant basophilic cytoplasm (Fig. 1E) . In 15 cases, small MCL cells predominated, and fewer than 20% of the lymphocytes in these cases had large/blastoid morphology. Nine cases were composed of small irregular cells, and 6 cases were composed of small round cells. The median percentage of the large (including prolymphocytoid) or blastoid cells was 7% (range, 1-17%). In 8 cases, at least 20% of the MCL cells had large/blastoid morphology, 5 predominantly large and 3 predominantly blastoid. The median percentage of large or blastoid cells in these cases was 49% (range, 22-90%).
Bone Marrow Aspirate Clot and Biopsy Sections
Bone marrow aspirate clot and biopsy specimens were involved in all cases, and the percentage of MCL cells in these specimens varied from 20 to 95%. The predominant pattern of infiltration by MCL was interstitial in 9 cases and diffuse in 6 cases. Combined patterns were seen in 8 cases: 3 interstitial and diffuse, 4 interstitial and nodular, and 1 interstitial and paratrabecular.
Immunophenotypic Findings
Flow cytometric immunophenotypic studies were performed in 23 cases. In every case, the neoplastic cells were positive for CD5, CD19, CD20, and monotypic immunoglobulin light chain (kappa 18; lambda 4). FMC-7 was expressed in 20 of 22 (91%) cases. Three of 23 (13%) cases were positive for CD23.
Immunohistochemical Findings
Cyclin D1 over-expression was detected immunohistochemically in 20 of 21 tumors assessed (Fig.  2) . In each positive case unequivocal nuclear stain- ing of MCL cells was identified. In two cases, paraffin blocks were not available for analysis.
P53 expression was assessed in 19 cases. These cases were chosen on the basis of available unstained tissue sections. Nine cases were positive (at least 10% of MCL cells positive) (Fig. 3) , and 10 cases were negative (less than 10% of MCL cells positive).
Cytogenetic Findings
All cases had cytogenetic evidence of the t(11; 14)(q13;q32). In one case, the t(11;14) was the sole abnormality. In 22 cases, additional abnormalities were present. The median number of additional abnormalities was 4.5 (range, 0 -12), with no difference in the median between the small-cell and large/blastoid groups. The most common additional abnormality involved chromosome 17, identified in 13 (56.5%) cases. There was no correlation between specific chromosomal abnormalities and morphologic groups. The cytogenetic findings in these cases have been reported previously (11) .
Survival Analysis
Patient survival correlated with morphologic findings. To determine which percentage of large/ blastoid cells would best correlate with poor prognosis, a direct comparison of survival versus percentage of large/blastoid cells was examined via log rank test. The following cut-offs for percentage of large/blastoid cells correlated with poorer survival: 10% (P ϭ .014), 15% (P ϭ .014), 20% (P ϭ .003), and 25% (P ϭ .008). This method, although demonstrating that the percentage of large/blastoid cells significantly predicted survival, did not yield a clear cut-off point. Survival tree analysis was then used, which showed that a value of 20% large/blastoid cells best divided the study group into two risk groups. Four of 15 patients with predominantly small-cell MCL (Ͻ20% large or blastoid cells) died; the median time from initial diagnosis to death was 34 months (range, 6 -72 months). By contrast, 7 of 8 patients with large/blastoid MCL (Ն20% large or blastoid cells) died; the median time from initial diagnosis to death was 22.5 months (range, 7-126 months). The remaining patient who presented with blastoid cells at the time of initial diagnosis was alive at last follow-up; however, the interval from initial diagnosis was only 2 months. The median follow-up interval for patients who were alive at last follow-up was 32 months (range, 2-72 months). The difference in survival between patients with small-cell MCL and patients with large/ blastoid MCL was statistically significant (P ϭ .003, log-rank test; Fig. 4 ).
Correlation between Absolute Lymphocyte Count and Survival
The median absolute lymphocyte count at time of referral was 78.8 ϫ 
Correlation between Cytologic Features, p53 Expression, and Chromosome 17 Abnormalities
Fourteen small-cell MCL were stained for p53; 6 cases were positive and 8 cases were negative. Five large/blastoid MCL were stained for p53; 3 cases were positive and 2 cases were negative. This difference was not statistically significant (P Ͼ .05; Fisher's exact test).
Eleven of 13 MCL with chromosome 17 abnormalities were assessed immunohistochemically for p53. Nine cases, 6 small cell and 3 large/ blastoid, showed increased p53 expression (at least 10% of cells positive). Two large/blastoid cases with add(17p13) and add(17p11.2) were negative for p53. Eight cases without chromosome 17 abnormalities were assessed for p53 and were negative. The correlation between chromosome 17 abnormalities and p53 expression was statistically significant. (P ϭ .003; Fisher's exact test).
DISCUSSION
Although involvement of the peripheral blood by MCL is frequent, in many studies in the literature patients had primarily nodal-based disease with a leukemic component, detected either at time of initial diagnosis or, more often, during the course of disease. Only a few studies have described patients who presented primarily with leukemic MCL (4, 6, 7). Thus, we reviewed the clinicopathologic features of a series of 23 patients with MCL who presented initially with marked lymphocytosis. Each patient had an absolute lymphocyte count of more than 10 ϫ 10 9 /L. All cases carried the characteristic cytogenetic abnormality, t(11;14)(q13;q32), and 20 of 21 tumors assessed overexpressed cyclin D1. Flow cytometric studies performed on all cases assessed revealed compatible immunophenotypic findings: positive for monotypic immunoglobulin light chain, CD5, and CD19. CD23 was negative in 20 of 23 cases.
Similar to previous studies of leukemic MCL, most of our cases exhibited a mixture of neoplastic cells in peripheral blood or bone marrow aspirate smears (3, 5, 6, 12) . In 15 cases, small MCL cells predominated. These cases had nuclei with round, irregular, or cleaved contours, the former group with some resemblance to chronic lymphocytic leukemia and the latter group resembling typical MCL cells. However, in every one of these cases, at least occasional large or blastoid cells (median 7%) with prominent nucleoli or immature chromatin, respectively, were present.
By contrast, in 8 cases, the MCL cells were intermediate to large in size with high-grade cytologic features, including large, nucleolated cells resembling prolymphocytes and cells with immature chromatin resembling the blasts of acute leukemia. In one case with the largest cells, differential diagnosis with large-cell lymphoma was considered initially.
Peripheral blood involvement has been previously reported as an independent variable of poor prognosis in patients with MCL (13, 14) . Previous studies also have reported that an absolute lymphocytosis of at least 10 ϫ 10 9 /L heralds shorter patient survival compared with patients with MCL and that an absolute lymphocyte count of less than 10 ϫ 10 9 /L (4). Our data support the premise that the absolute lymphocyte count has prognostic significance because patients who died had a higher median absolute lymphocyte count (78.8 ϫ 10 9 /L) at time of referral than those patients who were alive at final follow-up (23 ϫ 10 9 /L). Multiple morphologic variants of MCL have been described, usually based on histologic examination of lymph node or extranodal biopsy specimens (15, 16) . However, two studies have recently described high-grade variants of MCL in the peripheral blood. Singleton and colleagues (5) described six cases of blastoid MCL in leukemic phase, which correlated with the histologic findings in the lymph nodes. These cases were originally referred with various diagnoses including CLL, diffuse small-cleaved cell lymphoma, and diffuse large-cell lymphoma. The blastoid cells were described as medium-sized cells, with fine, blast-like chromatin and 1 to 2 prominent nucleoli (5) . Similarly, Viswanatha and colleagues (7) described a group of six high-grade MCL in peripheral blood with features resembling those reported by Singleton et al. (5) However, these cases were diagnosed as blastic MCL based on the cytologic features of the leukemic cells, without tissue biopsy confirmation. These patients were found to have a relatively short median survival of 3 months (7). We also found that the cytologic features of MCL cells in peripheral blood and bone marrow are useful in predicting patient survival because 7 of 8 patients with large/blastoid cytologic features in this study died. In contrast, most patients with small-cell MCL had an indolent disease course, with clinical features resembling a chronic lymphoproliferative disorder. In this group, only 4 of 15 patients died, with a median time to death of 38.5 months (range, 21-67 months).
High-grade transformation of MCL is reported to occur in 32% of cases and was found in up to 70% of patients at autopsy in one study (17) . The transformed tumors in that study were described as blastoid. However, these findings were based on examination of lymph nodes and did not describe highgrade MCL variants in the peripheral blood or bone marrow. Argatoff and colleagues (13) reported that 22% of MCL cases had increased numbers of lymphoblast-like cells in a variety of specimens including peripheral blood and bone marrow, more commonly detected during follow-up, and these patients had a shorter median survival than patients who did not have evidence of these cells. Cuneo and colleagues (18) reported six patients with t(11;14)(q13;q32)-positive tumors, which were considered morphologically compatible with chronic lymphocytic leukemia, that underwent transformation in peripheral blood and bone marrow over time to atypical chronic lymphocytic leukemia or prolymphocytic leukemia. However, using the criteria of our study, these cases fall within the spectrum of leukemic MCL with high-grade cytologic features. Similarly, in this study, three patients with small-cell MCL developed large or blastoid cells over time. Two patients died with large/blastoid cells in bone marrow, and 1 patient still alive developed large-cell MCL documented in a liver biopsy specimen. Thus, our data also suggest that a subset of small-cell MCL undergo transformation to large-cell or blastoid MCL.
The presence of the t(11;14)(q13;q32) has been described in chronic lymphoproliferative disorders other than MCL, such as chronic lymphocytic leukemia (especially so-called atypical chronic lymphocytic leukemia), B-cell prolymphocytic leukemia, and lymphoplasmacytic lymphoma/leukemia (18 -21) . De Angeli and colleagues (21) described nine patients with t(11;14)(q13;q32)-positive tumors, which were categorized as atypical chronic lymphocytic leukemia based on peripheral blood morphology, in the absence of lymphadenopathy. However, they concluded that these cases most likely were part of the spectrum of MCL (21) . An earlier report by Levy and colleagues (12) also concluded that cases with cyclin D1 overexpression and the t(11;14)(q13;q32) are closely related to MCL. Many morphologic variants of MCL have been recently described in the literature, which may account for the variety of lymphoproliferative disorders reported previously to carry the t(11; 14)(q13;q32) (8, 16, 20) . Thus, it is our opinion that the presence of the t(11;14) in either peripheral blood or bone marrow, in conjunction with compatible immunophenotypic features, supports the diagnosis of MCL, even in the absence of biopsyproven lymph node disease.
Multiple cytogenetic abnormalities in addition to the t(11;14) were identified in 22 (96%) cases in this study, as has been reported elsewhere (22) (23) (24) . The most common additional abnormality involved chromosome 17, in 57% of cases. These results support those of others who reported chromosome 17 abnormalities in leukemic MCL. Abnormalities involving chromosome 17 in this study specifically involved 17p, the p53 gene locus, in 5 cases. Chromosome 17 abnormalities were more commonly found in the large/blastoid group (6 of 8; 75%) than in the small-cell group (7 of 15; 46%), but this did not achieve statistical significance.
Alterations of chromosome 17 and p53 immunoreactivity, detected in 56.5% and 47.7% of cases in this study, respectively, suggest that the p53 gene abnormalities may be involved in the pathogenesis of leukemic MCL. p53 gene mutations are among the most frequent abnormalities detected in human neoplasms and occur in approximately 14% of lymphoid neoplasms (25) . The p53 gene product acts as a tumor suppressor by causing cell cycle arrest or apoptosis in response to DNA damage, allowing for repair and preventing propagation of mutations. p53 gene mutations are reported to correlate with more aggressive hematological neoplasms, including aggressive forms of nodal and leukemic MCL (21, 26) . p53 gene mutations commonly result in more stable forms of p53 protein, allowing assessment immunohistochemically. We also found that all types of structural or numerical chromosome 17 abnormalities correlated with p53 expression, not only those specifically involving 17p. However, neither chromosome 17 abnormalities nor p53 immunoreactivity correlated with survival in this study. Previous studies have reported that MCL with p53 gene mutations were associated with variant morphology and correlated with decreased overall survival when compared with cases without p53 gene mutations (26) . In contrast, in other studies, p53 expression did not correlate with cytologic features, but only a small number of cases was assessed (27) .
In summary, leukemic MCL can exhibit a wide spectrum of morphologic findings. We suggest that cell size and chromatin characteristics are useful for dividing these cases into two groups: small cell and large/blastoid. The large/blastoid group predicts poorer prognosis and includes cases with large cells, many of which are nucleolated and resemble prolymphocytes, as well as blastoid cells that resemble lymphoblasts. In this study, a cut-off of at least 20% large/blastoid cells best predicted poorer survival. Cytogenetic studies indicate that chromosome 17 abnormalities are common in leukemic MCL, are associated with p53 immunoreactivity, and may be involved in the pathogenesis of marked leukemic involvement.
